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ABSTRACT 
 
Concerning lightning direct effects, the understanding 
and control of the sparking phenomenon on fasteners 
and jointed structures are crucial for flight safety, 
mainly regarding fuel tank safety. The energy available 
for the development of the spark is intimately related to 
the contact resistance present on the fastener/structure 
interface. The evolution of this resistance over time 
and as a function of the current that flows through the 
interface is a relevant information to characterize the 
sparking phenomenon. In this paper, we present the 
study of dynamic contact resistances formed by 
Carbon Fiber Reinforced Polymer composites (CFRP) 
and metallic fastener interfaces. The characterization is 
performed when the contact interface is submitted to 
pulsed current waveforms derived from the D-
component of aircraft lightning protection standards, 
with peak levels ranging from 10 A to 40 000 A. These 
waveforms are produced with the ONERA lightning test 
facilities GRIFON and present a peak time around ten 
microseconds. A simplified sample is designed to allow 
the study of a titanium fastener and a CFRP structure 
without significant influence of other structural 
elements. A special differential voltage probe is built to 
enable the measurement of the voltage drop across 
the carbon/metal interface avoiding additional induced 
components from the setup geometry and the 
acquisition system. A parametric study is realized, 
where we take into account different aspects as 
fastener size, electrical insulation of the different 
structure parts and torque tightening. The influence of 
the static contact resistance measured at the low DC 
current level (up to 1 A) on the dynamic resistance 
evolution is analyzed. The dynamic contact resistance 
presents a significant non-linearity with the current 
peak level and shows an abrupt decreasing in the first 
microseconds of the current waveform. 
 
ACRONYMS AND SYMBOLS 
 
CFRP: Carbon Fiber Reinforced Polymer 
f(WF): normalized current waveform 
GRIFON: Générateur de Recherche de l’Impact 
du Foudroiement de l’ONERA 
HSC: High-Speed Camera 
I: current 
R: contact resistance 
INTRODUCTION  
 
In new aircraft generations, the use of CFRP 
materials is very significant, covering most parts 
of the fuselage and the wing boxes. These CFRP 
parts are assembled using metallic fasteners, 
usually made of titanium. Therefore, there are 
thousands of fasteners all over the aircraft skin 
and on internal parts and structures. As a result, 
when an aircraft lightning strike takes place, 
fasteners are highly exposed to an attachment of 
the lightning channel and will serve as an entering 
point for the current injection (in a case of 
“attachment problem”). Also, during this current 
circulation, the current flows on a large number of 
CFRP-fastener interfaces, until reaches the 
lightning exit point (“conduction problem”). As it is 
well-known, the high current density that appears 
when current flows across those small interfaces 
can be a source of sparking phenomenon. The 
understanding and control of this phenomenon on 
fasteners are fundamental for flight safety, mainly 
regarding fuel tank safety. 
 
In the last years, many works have dealt with 
sparking on CFRP assemblies using theoretical 
and experimental approaches [1-6]. Recent works 
have shown the important overpressure that is 
created in the cavity formed by the fasteners and 
the assembled structure [4-6]. This overpressure 
is derived of the electrical arc created by the high 
current that flows in the CFRP-fastener interface. 
The overpressure can break up the fastener 
confinement and producing an outgassing 
phenomenon, which is the ejection from the 
fastener cavity of the hot gas/plasma formed by 
the spark occurrence. The understanding of the 
energy available for the development of 
the spark is then very important for understanding 
and control the outgassing phenomenon.  
That energy is intimately associated to the  
contact electrical resistance presents on the 
fastener/structure interface. 
 
The objective of this work is to perform a 
parametric study of the dynamic contact 
resistance formed by CFRP-fastener interfaces 
and analyze the electrical energy that is released 
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in this contact. In the following section we present 
the experimental setup, with the current waveform 
used in this work, the academic sample 
developed to a simplified analysis, as well as the 
diagnostics setup. Then, we present and discuss 
the role of the static contact resistance on the 
dynamic measurements, and the results of this 
resistance as a function of the current peak in a 
parametric study covering different bolt diameters, 
isolation configurations and torque tightening. The 
electrical energy associated in each configuration 
and the occurrence of spark/outgassing is 
presented and discussed. 
 
EXPERIMENTAL SETUP  
 
In the following subsections we present the 
current generator and the current waveforms used 
in this work, as well as the aeronautical material 
and the academic sample developed for a 
simplified characterization. Also, the voltage 
measurement probes used to a direct evaluation 
of the voltage drop in the fastener-CFRP interface 
are described. 
Current generator and waveforms 
The current generator used is this work is the 
ONERA’s lightning test facilities named GRIFON, 
which is built in an approximated RLC circuit and 
it is able to deliver a D-component of the standard 
current waveform as defined in the SAE ARP 
documents. The generator is described in details 
in [7]. To perform a complete characterization of 
the dynamic contact resistance, we have adapted 
the generator to deliver fractions of the D-
component, having curves with same shape but 
starting at 10 A peak, and increasing until reach a 
sparking event, which can reach around 40 kA 
peak for the studied samples. Figure 1 illustrates 
some produced current waveforms in the range of 
200 to 3000 A which have a current peak time 
around 14 µs. 
Aeronautical material and academic sample 
A simplified sample is designed to allow the study 
of only two fasteners and a CFRP structure 
without significant influence of other structural 
elements and the possibility of different paths of 
current circulation. The external structure (skin) is 
a CFRP sample with 4.1 mm thickness, made of 
16 plies of T700 carbon fibers (Toray)  inside a 
thermosetting resin of epoxy M21 (Hexcel). The 
layup structure is made with plies orientations in 
45° and -45°, making an atypical layup where 
there is no privileged ply to carry current between 
the two fasteners. 
 
Fig 1. Example of pulsed current waveform used 
in this work, derived from the D-component. 
 
Two aluminum plates with 3 mm thickness are 
used as inner structure (rib), where the current 
injection and exit points are made. Besides 
fasteners, which have a coating, the others 
structure parts are not coated. Therefore, a 
dielectric, made of NOMEX T410 with 250 µm 
thickness, is used to perform the insulation 
between the skin and rib, and can be also inserted 
under the bolt head and the nut to simulate the 
paint and make electrical isolation of these parts. 
Bolts used in this work are made of titanium 
having hexagonal head, with diameters of 5 and 
6.35 mm. Figure 2(a) shows a schematic of the 
sample and 2(b) a picture of the sample where we 
can identify the differential voltage probes that will 
be presented in next subsection. 
 
 
 
Fig 2. Schematic (a) and picture (b) of the 
academic sample used in this work. 
Measurements setup 
Special differential voltage probes are built to 
enable the measurement of the voltage drop 
across the carbon/metal interface avoiding 
additional induced components from the setup 
geometry and the acquisition system. These 
probes were validated during a pulsed current 
(a) 
(b) 
66.3 
waveform with test resistances having similar 
characteristic lengths compared to the fastener 
and with constant values of 10, 50 and 100 mΩ. In 
the validation test, the ratio voltage/current shows 
a constant value corresponding to the test 
resistance all over the waveform duration. Figure 
3 presents a schematic with the detail of the 
fastener and the structures. The cylinder bore are 
prepared to a clearance fit with a G10 tolerance. 
Consequently, for configurations as represented 
in figure 3 where a dielectric isolates fastener and 
structures (skin and rib), the formation of an 
electric arc between the bolt shank and the 
structure is mandatory to carry the current though 
rib to skin (or inversely). 
 
Fig 3. Detail of the bolt-structure interface with 
illustration of the current circulation over the 
different parts and the arc formed between bolt 
shank and structure. 
The differential voltage probes are positioned to 
measure the potential at the bolt and at the CFRP 
surface (first ply) at 2 mm of the bolt head edge, 
as illustrated in figure 3. They are fixed with 
springs and optical system mounting to ensure 
measurement repeatability. Neglecting the bolt 
volume resistance in this measurement, the ratio 
between bolt-CFRP voltage and current that flows 
in this interface can be interpreted as a total 
equivalent resistance of the dotted rectangle area 
in figure 3, which is composed of the arc 
resistance and the CFRP volume resistance. This 
CFRP resistance component is estimated by 
measurement and calculation to approximately 
1.5 mΩ. For each voltage probe, current and 
voltage are recorded in the same scope to avoid 
time shifting in analyses. For visualization and 
characterization of sparking phenomenon, a 
digital camera (Nikon D-850) and a HSC 
(Phantom V711 from Vision Research) are 
employed. The static resistances (DC resistance) 
are measured using a micro-ohmmeter performing 
a four-wire measurement (OM-16 from AOIP) 
using 1 A as current level. 
 
RESULTS AND DISCUSSION  
Static contact resistance  
Before every pulsed waveform test, the static 
resistance is measured. To ensure repeatability, 
the micro-ohmmeter probes are fixed on the bolt 
heads, and then the measure represents a total 
resistance between the bolts, including the CFRP 
volume resistance existing among the fasteners. 
Table 1 summarizes the measurements for a 
sample with a 5 mm bolt with dielectric under bolt 
head and nut, performed after pulsed current test 
from 20 A to 25 kA. 
 
Table 1. Measured static resistance at low current 
level (1 A). 
Steps Rtotal  
Start > 10 kΩ 
after 20 A  4500 mΩ  
after 100 A 2700 mΩ  
after 500 A 1100 mΩ 
after 1 kA 650 mΩ 
disassemble/assemble 30 Ω  
after 2 kA 310 mΩ 
after 5 kA 100 mΩ 
after 10 kA 65 mΩ 
after 25 kA 40 mΩ 
 
We can observe that at the start, for a new 
sample, the total resistance is higher than 10 kΩ 
but has a finite value, showing that even with a 
clearance gap and insulation of the fastener, a 
few parts of the bolt shank should touch the 
structure to ensure a weak contact. Once a pulsed 
current is applied, the total resistance starts to 
drop, reaching 650 mΩ after 1 kA peak and 
showing that permanent contact were formed 
during the high current circulation. If the sample is 
disassemble and assemble with the same 
fasteners and CFRP panel, a high resistance 
value is found (30 Ω), but it is lower than a new 
sample resistance. The same behavior takes 
place when we increase the current level, with 
total resistance decreasing until reach 40 mΩ. A 
similar behavior was systematically observed in 
this study. 
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Dynamic voltage drop measurements and 
contact resistance 
Figure 4(a) presents the results of the differential 
voltage drop measurement over time for four 
current levels. We can roughly identify the current 
waveform characteristics, with a peak time around 
14 µs and a fall until a few hundreds of 
microseconds. By performing the ratio 
voltage/current at each instant, we obtain the 
equivalent dynamic resistance of the contact bolt-
CFRP as discussed in previous section. The 
results are presented in figure 4(b). 
 
 
Fig 4. (a) Measured dynamic voltage for some 
current peak levels and (b) the obtained 
resistance by the ratio voltage/current. 
We can observe that the resistance shows a 
significant non-linearity with current even for low 
levels of current peak (20 A). This non-linearity is 
accentuated when the current peak level 
increases. At the current start (t0), the resistance 
value is very high (higher than 1 Ω in most cases), 
and its decreases almost two or three orders of 
magnitude in just a few microseconds until 
reaching a minimum value close to the current 
peak time. Then, this resistance grows over time 
as the current decreases, and shows some 
discontinuities when the current waveform 
approaches to the end, in the range of 150 to 
250 µs. Also, the minimum resistance value 
decreases as the current peak level increases. 
This behavior of rapid decrease and a minimum 
value, and its relationship with current peak was 
systematically found. This seems to be closely 
correlated to the formation of the electric arc 
between the bolt shank and the CFRP structure in 
the first microsecond, which creates the 
conductive path to breakdown the fastener’s 
clearance gap and then start to vanish when the 
current level becomes low and the plasma 
recombination processes, takes place, raising the 
resistivity of the medium. The static resistance 
measured at low current level seems to be 
uncorrelated with the dynamic resistance. Neither 
the value at t0, nor the minimum resistance can be 
easily linked with DC measurements.  
 
Minimum resistance and dissipated electrical 
energy  
 
Figure 5(a) shows an example of the dynamic 
contact resistance and the corresponding injected 
current waveform on a logarithmic scale for a 
10 kA peak level test. The decrease of the 
resistance in the first microseconds is highlighted, 
where we can see that it has dropped two 
magnitude orders at 2 µs. Figure 5(b) presents the 
instantaneous electrical power dissipated by this 
contact resistance (RI2), as well as the cumulative 
electrical energy over time. The power reaches its 
maximum at the current peak time (quadratic 
dependency) even if the contact resistance is 
approximately at the minimum value at this time. 
For this example, it reaches 700 kW while the 
electrical energy dissipated after all current 
waveform reaches 56 J. For simplification and 
analysis purposes, if we trace a horizontal line at 
a value with a factor of two of the minimum 
resistance (6 dB), this covers a period of around 
150 µs. In this period the dissipated energy 
corresponds to around 85% of the total. Before 
this time, even if the resistance starts with a 
significant value, the current is still very low, and 
then the electrical energy is lower than 1%. During 
the resistance increasing (after 150 µs) the 
dissipated energy is about 14 %. Therefore, the 
minimum resistance can be seen as a valuable 
parameter to a fast evaluation of the total 
dissipated electrical energy, where this can be 
(a) 
(b) 
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calculated as a function of the current peak and 
the current waveform by a simplified expression: 
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Where Rmin is the minimum resistance as a 
function of the current peak level Ipeak, and f(WF) 
is a normalized function of the current waveform 
(depending on its characteristic time constants). 
 
 
 
Fig 5. (a) Current and resistance over time and 
the instants where resistance reaches 6 dB from 
the minimum value. (b) Electrical power and 
cumulative electrical energy. 
 
Figure 6(a) presents the minimum resistance as a 
function of the current peak level for four sample 
configurations. The current threshold for visible 
sparking/outgassing phenomenon is also 
indicated in curves. Here, we compare the cases 
with and without dielectric under bolts and nuts, 
and also the cases where the bolt head is turned 
to the CFRP panel (as shown in figure 3), and 
conversely, the case where nut is on the CFRP 
side and the bolt head is on the aluminum part. 
Generally, it confirms that Rmin has a continuous 
reduction with current peak level. For most cases, 
Rmin shows a slight decrease in the range of 10 to 
200 A, and then presents a significant drop after 
this value. The electrical insulated cases present 
similar results, starting with values around 1 Ω at 
10 A and then reaching approximately 10 mΩ at 
20 kA. The sparking appears at 27 kA for the bolt 
head on CFRP case and at 43 kA for the nut side.  
 
 
 
Fig 6. Values of minimum resistance (a) and 
electrical energy (b) as a function of current peak 
level for different compositions and insulation 
configuration. 
 
As expected, the minimum resistances for the 
cases without dielectric starts much lower than 
insulated cases, as a result of a direct contact 
(a) 
(b) 
(b) 
(a) 
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which is assured by the interfaces under the bolt 
head and the nut. It starts around 100 mΩ at 10 A 
and drops to around 2 mΩ at 20 kA. Even with 
smaller resistance values, the sparking events 
arise for lower current peak levels than for 
insulated cases, at 15 kA for both cases. 
 
Figure 6(b) shows the evolution of the dissipated 
electrical energy as a function of the current peak 
level. In opposite to the resistance, these curves 
continuously grow with the current peak 
increasing. It starts at 50 mJ for no-dielectric 
cases, and reaches almost 100 J at 25 kA. Here, 
the visible sparking/outgassing events take place 
at energies around 40 J, while it is about 300 J for 
the insulated cases. This result is probably related 
to the enhancement of the fastener confinement 
capacity by the additional of the dielectric layer 
which promotes simultaneously electrical 
insulation and improved mechanical seal. 
 
Figures 7(a) and 7(b) present the results for cases 
with dielectric layer, bolt head on the CFRP side, 
and having as variable parameters torque 
tightening and bolt diameter. The adopted nominal 
torque is 3.5 N.m for 5 mm diameter, and 7.5 N.m 
for 6.35 mm. In the range of 10 to 100 A, the 
minimum resistance is higher for lower torques, 
with 5 Ω for 25% of nominal torque and 670 mΩ 
for nominal case at 10 A peak. This behavior is 
inverted after 100 A, having the higher resistance 
for the nominal torque. However, even with lower 
resistances and consequently lower electrical 
energies available inside the fastener cavity, the 
visible sparking/outgassing occurs earlier for the 
minor torque values, having a threshold of 15 kA 
for 25 % of nominal torque, 18 kA for 50% and 
27 kA for nominal one. The corresponding values 
of dissipated energy at sparking were respectively 
50, 70 and 300 J. This result has highlighted that 
the confinement capacity is significant impacted 
by torque tightening. Comparing two fastener 
diameters, we can observe that the minimum 
resistance is globally reduced as the diameter 
increases. The electrical energy is about twice 
higher for 5 mm compared to 6.35 mm. The 
visible sparking occurs at respectively 27 and 
36 kA. It can be explained as: higher diameters 
have higher shank surfaces ensuring current flow 
in this interface, reducing the contact resistance 
and consequently the available electrical energy. 
 
 
 
Fig 7. Values of minimum resistance (a) and 
electrical energy (b) as a function of current peak 
level for different bolt diameter and torque 
tightening. 
 
CONCLUSION 
 
In this paper we performed a characterization of 
the dynamic contact resistance of a 
fastener/CFRP interface during a pulsed lightning 
current waveform. An academic sample was used 
to allow an analysis of the contact resistance of a 
titanium fasteners and a CFRP panel, avoiding 
major influences of others structural parameters. 
 
The influence of the static resistance, measured 
at low DC current level was shown to be hardly 
correlated with the dynamic measurements. From 
current peak from 10 A to high current upper to 
40 kA, the dynamic contact resistance exhibited a 
similar behavior, with a significant decrease in 
firsts microseconds, about 3 orders of magnitude, 
(b) 
(a) 
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reaching a minimum value around the current 
peak time, and then growing slowly after hundreds 
of microseconds, when current waveform 
approaches to the end. This behavior was 
systematically seen, and seems to be related to 
the formation in the first microsecond of an 
electric arc between the bolt shank and 
the CFRP structure. The minimum resistance is 
function of the current peak and can be seen as 
an important parameter to evaluate the dissipated 
electrical energy. 
 
A parametric study was realized to analyze the 
influence on the dynamic contact resistance of 
electrical insulation, nut/bolt configuration, torque 
tightening and bolt diameter. Sparking/outgassing 
phenomena were observed and the current 
threshold for their occurrence was obtained for 
each studied configuration as well as the 
corresponding dissipated electrical energy. These 
results of contact resistance and dissipated 
electrical energy as a function of current, and the 
threshold of sparking occurrence are valuable 
data for understanding, modeling and simulation 
of the fastener sparking phenomenon, mainly 
regarding the energy release within fastener 
cavity and the mechanisms to increase the inner 
pressure. Future works will investigate these 
mechanisms of energy conversion, overpressure 
and fastener confinement properties. 
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